p-synephrine and p-octopamine were found to increase lipolysis in adipocytes. The present study approaches the question if these compounds, natural products of the bitter orange (Citrus aurantium fruit), increase lipolysis and fatty acid oxidation in the liver. Experiments were done in the perfused rat liver. Non-recirculating hemoglobin-free perfusion was done using the Krebs/ Henseleit-bicarbonate buffer (pH 7.4) as perfusion fluid. Both p-synephrine and p-octopamine, at the concentrations of 100 µM, were found to stimulate the hepatic triacylglycerol lipase by 40% and 51%, respectively. These seem to be the maximal stimulations possible in the liver. In the perfused liver, p-synephrine, when present at an initial concentration of 500 µM, was able to increase the non-esterified fatty acid release after one hour of recirculating perfusion. The effects of p-synephrine on the oxidation of exogenously sup- 
Introduction
The fruit of Citrus aurantium, also known as bitter orange, has been used for preparing extracts sold worldwide in the form of phytoproducts to promote weight loss [1] [2] [3] . One of the main active components in C. aurantium extracts is p-synephrine, which in humans is found only in the adrenal gland and can be considered a trace bioamine [2] . In line with the proposed weight loss activity of the C. aurantium extracts, it has been found that p-synephrine has lipolytic activity in both human and rat adipocytes [1] . This activity of p-synephrine is stronger in rat than in human adipocytes. Since p-synephrine is the main proto alkaloid in C. aurantium extracts, the possible lipid-mobilizing effect of this extract in humans has been attributed to this amine [1] . Several studies have reported the activity of this compound on specific receptors. It has been shown, for example, that p-synephrine binds to serotoninergic receptors [4] . Likewise, an action of p-synephrine via adrenergic receptors has been documented [5] [6] [7] . Acute oral administration of elevated doses of a C. aurantium extract or psynephrine produced reversible toxic effects, probably due to unspecific adrenergic stimulation [3] . In addition, it is also known that extracts of C. aurantium containing p-synephrine, can produce effects on the cardiovascular system through adrenergic stimulation [8] .
It has also been shown that p-synephrine affects carbohydrate metabolism in the isolated perfused rat liver [9] [10] . In the latter systemp-synephrine stimulates glycogenolysis, glycolysis, gluconeogenesis, and oxygen uptake. The compound also increases the portal perfusion pressure and the redox state of the cytosolic NAD + /NADH couple. All these effects are Ca 2+ -dependent and p-synephrine is able to stimulate intracellular Ca 2+ movements [9] . Moreover, p-synephrine also increases cAMP production. These observations and the sensibility to various adrenergic antagonists lead to the conclusion that the effects of psynephrine in the liver are mediated by both α-and β-adrenergic signaling, requiring the simultaneous participation of both Ca 2+ and cAMP. The metabolic effects, on the other hand, can be considered as both catabolic (glycogenolysis and glycolysis stimulation) and anabolic (gluconeogenesis) [9] . They could be contributing to the alleged weight loss effects of the compound ingested either in pure form or as a constituent of commercial preparations [1] [2] [3] .
Although the action of p-synephrine on hepatic carbohydrate metabolism has been extensively characterized [9] [10], a similar investigation of its effects on the hepatic lipid metabolism has not yet been done. The lipolytic activity of p-synephrine in adipocytes has been well characterized [1] [6] and it is possible that the compound exerts a similar effect in the liver. Furthermore, p-octopamine, an analogous amine that is also found in Citrus aurantium, though at a lesser concentration, has been demonstrated to exert lipolytic activity in adipocytes [1] [6] . In the perfused rat liver, the compound also increases fatty acid oxidation [11] . The present study, thus, approaches the question if p-synephrine also increases lipolysis and fatty acid oxidation in the liver. Experiments were done in the perfused rat liver, a system that allows conservation of cell and mi-crocirculation integrity, facilitating thus extrapolation of the data to the in vivo conditions. The results should improve the present knowledge about the action of p-synephrine in the liver and also allow to design in vivo experiments that can confirm or not if the compound exerts metabolic effects in the whole organism.
Furthermore, the experiments will be especially useful in answering the question if p-synephrine is able to affect hepatic lipid metabolism to the same extent by which it affects carbohydrate metabolism [9] [10].
Materials and Methods

Materials
The liver perfusion apparatus was built in the workshops of the University of Maringá. p-synephrine, p-octopamine, epinephrine, norepinephrine, enzymes and coenzymes used in the enzymatic assays, the nonesterified fatty-acid assay kit and the lipase assay kit were purchased from Sigma-Aldrich (St. Louis, USA).
The radiochemicals were purchased from Amersham Pharmacia Biotech:
[1-14 C]oleic acid (56 mCi/mmol) and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]octanoic acid (50 mCi/mmol).
Animals
Male Wistar rats weighing 200 -280 g were used in all experiments and fed ad libitum with a standard laboratory diet (Nuvilab®, Colombo, Brazil). The rats were housed in appropriate cages and maintained on a regulated light-dark cycle. According to each experimental protocol fed rats as well as 18 h fasted rats were used. The surgical preparation of the liver was done under sodium pentobarbital anesthesia (50 mg/Kg). The criterion of anesthesia was the lack of body or limb movement when a standard tail clamping stimulus was applied [12] [13]. The world-wide accepted ethical guidelines for animal experimentation were applied strictly to all experiments. The experimental protocol was approved by the Ethics Committee of Animal Experimentation of the University of Maringá (Protocol n. 108/2014).
Liver Perfusion
The livers were perfused with a hemoglobin-free medium [12] [13] . In most experiments the nonrecirculating mode was used, but the release of nonesterified fatty acids was measured using recirculating perfusion. After the surgical preparation (vena cava and vena porta cannulation) the organ was transferred to a plexiglass chamber. The fluid was pumped using a peristaltic pump (Minipuls 3, Gilson, France) and the flow rate was adjusted between 30 and 33 mL per minute, according to the liver weight. 
Metabolite and Radioactivity Assay
Three compounds were assayed in the effluent perfusion fluid using standard enzymatic procedures: β-hydroxybutyrate, acetoacetate and nonesterified fatty acids [14] . Acetoacetate was assayed by measuring the decrease in absorbance at 340 nm due to NADH oxidation (ε = 6.22 × 10 was calculated from the rate of radioactivity infusion and the specific activity of each labeled fatty acid.
Hepatic Lipase Assay
The hepatic lipase was assayed in the isolated perfused liver under various conditions (e.g., after 20 minutes p-synephrine infusion). After interruption of the perfusion at the desired time approximately 5 g of the hepatic tissue was collected and added to 20 mL of Tris-HCl buffer (pH 8.0) supplemented with fatty acid-free bovine-serum albumin to a final concentration of 2% [17] . After mincing with scissors, the tissue was homogenized in a van Potter homogenizer. The homogenate was filtered through gauze and the filtrate was centrifuged at 10,000g for 10 minutes. After removing the fatty upper layer the supernatant was collected and used for the lipase assay. For the assay a commercial kit was used, which consists in coupled enzymatic reactions in which the released glycerol is quantified at 570 nm. The activity was expressed as µmol glycerol released per minute per g liver wet weight.
Statistical Analyses and Calculations
The error parameters presented in the graphs are standard errors of the means.
Statistical analysis was performed with the GraphPad Prism Software® (version 5.0; Graph Pad Software, San Diego, USA). The paired Student's t test was applied when comparing different metabolic steady-states and the 5% level (p < 0.05) was adopted as a criterion of significance. Anova followed by StudentNewman-Keuls testing was used for comparing multiple variables and the 5% level (p < 0.05) was adopted as a criterion of significance.
Results and Discussion
Effect of p-Synephrine on the Hepatic Triacylglycerol Lipase
In the first experiments the actions of p-synephrine and other structural analogues on the hepatic triacylglycerol lipase activity were investigated. The measurements were done after 20 minutes of infusion of each adrenergic agent at the concentrations specified on the graph in Figure 1 . A similar activity has been reported previously for livers homogenized just after removing them from decapitated rats without perfusion [20] . Figure 1 shows that all adrenergic agents tested in the present experiments tended to increase the hepatic triacylglycerol lipase. Stimulation caused by 100 µM p-synephrine was 40% and that caused by 100 µM p-octopamine 51%. These stimulations were similar to that caused by 10 µM norepinephrine. The stimulating actions of 50 and 100 µM p-synephrine were nearly the same. This means that more than 40% -50% stimulation of the hepatic triacylglycerol lipase activity is unlikely to be achieved by increasing the concentration of p-synephrine. The capacity of p-synephrine in stimulating the hepatic triacylglycerol lipase activity seems to be much less pronounced than that reported for the adipose tissue. In rat adipocytes stimulation of the triacylglycerol lipase by 100 µM p-synephrine is already maximal and corresponds to a 4.8 fold stimulation (i.e., 380%) [1] .
Nonesterified Fatty Acid Release
The action of p-synephrine on nonesterified fatty acid release in the liver was Figure 1 . Effects of several adrenergic agents on the hepatic triacylglycerol lipase activity. Rat livers were perfused in the non-recirculating mode with Krebs/Henseleit-bicarbonate buffer (pH 7.4) saturated with a mixture of oxygen and carbon dioxide (O 2 :CO 2 : 95:5%) as described in the Materials and Methods section. The tissue was prepared for the lipase assay as described in the Materials and Methods section after 20 minutes infusion of each adrenergic agent at the concentrations specified on the graph. Each experimental curve is the mean ± mean standard errors of five liver perfusion experiments. Statistically significant differences compared to the control condition (i.e., p ≤ 0.05) were found only for 10 µM norepinephrine, 100 µM p-synephrine and 100 µM p-octopamine. investigated using recirculating perfusion. Stimulation of fatty acid release by p-synephrine can be expected due to its stimulatory effect on the triacylglycerol lipase. Figure 2 shows the mean results of the experiments that were done in the present work. Two initial p-synephrine concentrations were used, 50 and 500 µM. As reported elsewhere, the single passage extraction (transformation) of p-synephrine is relatively high and inversely proportional to the concentration [21] . Consequently, in a recirculating system the concentration of p-synephrine in the perfusion fluid decreases rapidly, especially at low concentrations. Figure   2 shows that the concentration of fatty acids tended to increase as the recirculation progressed. This increase was not very pronounced, as the release of nonesterified fatty acids into the plasma is an important function of the peripheral fattissue but not of the liver [22] . The presence of 50 µM p-synephrine did not increase the extracellular fatty acid accumulation. With 500 µM p-synephrine, 
Effects of p-Synephrine on Fatty Acid Oxidation
The Table 1 . The concentrations of the fatty acids are compatible with the physiological range at which these metabolites are present in the circulation [23] . This means also a substantial increase in the β-hydroxybutyrate/acetoacetate ratio, evidence of an increased availability of reducing equivalents in the respiratory chain [24] . The 14 CO 2 production raised rapidly following the , respectively. After these peak diminutions there was a progressive recovery to the previous levels that was almost completed at the end of the experiment (20 minutes of p-synephrine infusion). Oxygen uptake, however, was additionally increased to a new steady state. This significant increment, given in Table 1 , is similar to that observed when p-synephrine was infused in the presence of 2 mM lactate, but smaller than that found when the compound was infused in livers under substrate-free perfusion [9] . Figure 4 shows the time courses of the experiments that were done with equal to 0.36 ± 0.09 and 0.14 ± 0.04 µmol min −1 ·g −1 [11] . Additionally, p-octopamine also has a more pronounced effect on ketone bodies production than p-synephrine. In other words, p-octopamine clearly stimulates the oxidation of exogenous fatty acids whereas p-synephrine seems to act modestly in this respect. Under some circumstances the action of p-synephrine was even inhibitory, as evidenced by the transient inhibitory episodes of 14 CO 2 and acetoacetate productions from [1-
14 C]octanoate already described above (Figure 3 ).
It is highly probable, however, that p-synephrine increases the oxidation of endogenous fatty acids. The arguments supporting this conclusion are as follows: 1) p-synephrine stimulates the hepatic triacylglycerol lipase (Figure 1) , thus increasing the endogenous availability of nonesterified fatty acids to the point that a certain amount can even be released by the liver ( Figure 2) ; 2) psynephrine increases oxygen uptake also in the absence of any exogenous sub- 4) p-synephrine also increases oxygen uptake under gluconeogenic conditions (Table 1) , a situation in which the oxidation of endogenous fatty acids has been demonstrated to provide a considerable part of the reducing equivalents to the mitochondrial respiratory chain, especially when glucose synthesis is stimulated, as it in fact occurs in the presence of p-synephrine [9] [25] [26] . p-octopamine also stimulates the hepatic triacylglycerol lipase and, thus, also increases the availability of endogenous non-esterified fatty acids. Even so, this agent is able to increase the oxidation of exogenous fatty acids [11] . The mechanisms underlying these different behaviors of p-synephrine and p-octopamine cannot be inferred from the available data. p-octopamine and p-synephrine apparently bind to both alfa-and beta-adrenergic receptors in the liver and probably act via both cAMP and Ca 2+ as intracellular messengers [9] [11]. It is possible that the different actions of p-octopamine and p-synephrine on fatty acid oxidation bear some relation to the different binding intensities to the various receptors. This is certainly a question that demands additional investigation.
Conclusion
The main conclusion which can be drawn from a comparison of the results obtained in the present study with those of previous investigations in the perfused liver [9] [10] is that p-synephrine acts more strongly on carbohydrate metabolism than on lipid metabolism in the liver. Even so, the lipolytic action of p-synephrine is an important component of some of its anabolic effects in the liver such as the stimulation of glucose synthesis, which depends, partly at least, on the oxidation of endogenous fatty acids as a means of supplying ATP and reducing equivalents [25] [26] . On the other hand, if p-synephrine is expected to mobilize fatty acids from other tissues (e.g., adipose tissue), no coordinated stimulation of their oxidation can be expected in the liver except that one given by its increased availability. Modest increases in the levels of circulating nonesterified fatty acids by p-synephrine have indeed been suggested to occur in humans based on the finding that administration of the drug resulted in higher glycerol levels [27] . It should be noted, however, that with reference to the ingestion of C. aurantium extracts, an extra stimulation of the oxidation of exogenous fatty acids in the liver could be expected, in theory at least, by virtue of their contents in p-octopamine [11] .
